Background: Primary central nervous system (CNS) tumors and brain metastases (BMs) are major causes of morbidity and mortality, accompanied by low survival rates. Efforts to early discovery of CNS malignancies are critical. However, to date, there are no biomarkers approved for detection of cancer activity in the brain. Blood levels of neurofilament light (NfL) and tau, as well as glial fibrillary acidic protein (GFAp), show promise as biomarkers for brain injury in previous studies. Therefore, we performed a cross-sectional study to investigate correlations of those biomarkers with CNS activity of gliomas and BMs.
Introduction
Intracranial neoplasms consist of a diverse range of pathologic entities, including primary central nervous system (CNS) tumors and brain metastases (BMs). In 2018, the overall estimated incidence of brain and other nervous system tumors in the United States was 23,880, with a 5-year relative survival rate around 35% [1] . Nonetheless, brain metastases (BMs) comprise more than half of the adult brain tumors diagnosed. Hematogenous dissemination to the brain occurs in approximately 10-30% of patients with systemic disease [2] [3] [4] and can become symptomatic in 60-75% of the cases [5] . Higher frequencies of BM are seen in lung and breast carcinoma, followed by melanoma and kidney cancer [5] .
Primary CNS tumors and BMs are major causes of morbidity and mortality. Among patients with solid tumors and BMs, retrospective studies suggest that the actuarial 3-year survival rate is less than 5% [6] . Besides psychological and physical impairments, brain tumor diagnosis imposes a potential increased economic burden for the individual, families and even to the whole society.
Continuous efforts to early discovery of CNS malignancies, including primary CNS tumors and synchronous or metachronous BMs are critical. However, to date, there are no blood biomarkers approved for the detection of cancer activity in the brain. Neurofilament light (NfL) is a brain protein that is abundantly expressed in the long myelinated subcortical white matter axons [7] . Numerous studies support that serum NfL (sNfL) is a sensitive biomarker for acute neuronal injury [8] and chronic neurodegenerative disorders such as Alzheimer's disease [9] , progressive supranuclear palsy [10] Serum NfL and GFAP for CNS Malignancies World J Oncol. 2019;10(4-5):169-175 and parkinsonian disorders [11] . Although less studied, tau protein, a microtubule stabilizing protein expressed primarily in neurons, is also considered a biomarker with specificity for neuronal injury [12] [13] [14] . Glial fibrillary acidic protein (GFAp) is an intermediate filament highly expressed in astrocytes, being an important cytoskeletal protein [15, 16] . Studies have shown association of high levels of GFAp in CNS tissue damage, including neurotrauma and neurodegenerative disorders ( Fig. 1 ) [17] [18] [19] [20] [21] .
Brain tumors affect function and integrity of neighboring neurons or may cause increased intracranial pressure that compromise neuronal function and cause astroglial activation. Neuron-enriched proteins, such as NfL and tau, and cytoskeletal proteins, such as GFAp, could be ideal candidate biomarkers to identify and monitor growth or spread of such malignancies. Therefore, the current cross-sectional study was designed to investigate blood levels of the sNfL, tau and GFAp as biomarkers to be utilized in those settings. We hypothesized that these proteins could additionally differentiate activity of gliomas and BMs.
Materials and Methods

Patients
Thirty-six participants were recruited from the West Cancer Center, Methodist Healthcare-Memphis Hospitals and the University of Tennessee Health Science Center (UTHSC) in Memphis, Tennessee. Approval for the study was granted by the UTHSC institutional ethics committee and all participants provided written consent. This study was conducted in compliance with the ethical standards of the responsible institution on human subjects as well as with the Helsinki Declaration. Subjects were included in the study by convenience sampling into six groups, according to institution's standard of care diagnose and follow-up routine, specific for each primary disease. Patients were distributed into the following groups: CNS tumors with progressive disease, CNS with stable disease, patients with cancer (except primary CNS) with no BM, patients with metastatic solid tumors with known BM, patients currently without evidence of measurable disease, but with prior history of treatment of metastatic brain lesions and healthy controls. Radiological assessments were performed in all patients with known CNS tumors before enrollment and evaluation was performed by local radiologists according to RECIST guidelines (version 1.1). Participants were excluded if they had history of head trauma or had been through any surgery to CNS in the last month. Controls were not allowed to take any medication before or during study protocol.
Specimen characteristics
From each participant, two tubes of blood were obtained for protocol analysis. Serum samples were processed, batched into aliquots and frozen at -80 °C, according to standardized procedures.
Measurement of serum concentrations of NfL, tau and GFAp
Serum concentration of sNfL was measured using an in house single molecule array (Simoa) method on an HD-1 analyzer (Quanterix, Lexington, MA), as previously described in detail by Gisslen [22, 23] . Serum concentrations of tau and GFAp were measured using commercially available Simoa assays (Quanterix, Lexington, MA). All samples were measured as duplicates. The mean coefficient of variation of duplicate concentrations was 4.3%. In addition, a quality control sample was measured in duplicate on each of the seven runs used to complete the study. The intra-assay coefficient of variation for this sample was < 10%. All measurements were performed by board-certified laboratory technicians. The laboratorial analysis was conducted in a blinded fashion, as the assays were done without knowledge of the patient's identity or diagnosis. Only one round of experiments was performed, using one batch of reagents.
Statistical analysis
The sNfL, GFAp and tau proteins concentrations were initially compared between all six groups. As normality of the distribution was shown, analysis of variance (ANOVA) was performed for the comparisons. As the groups were small and with probable unequal sample sizes, the Brown-Forsythe test was used to compare mean sNfL, GFAp and tau concentrations across each of the clinical subgroups. In addition, planned analysis was performed for the three variables in patients with CNS tumors with stable versus progressive disease and in patients with metastatic cancer with and without known BM. Both analyses were done with unpaired t-test. Assumptions were satisfied if the two-tailed t-test assumed a significance alpha level inferior to 0.05. The GraphPad Prism7 software was used for all analysis.
Data availability
Individual deidentified participant data, related documents and statistical analysis will be shared on request from any qualified investigator for 2 years after the date of publication.
Results
A total of 36 patients were registered between August 2017 and October 2017. Patients were enrolled into the following groups: eight patients with CNS tumors with progressive disease (CNSPD); seven patients with CNS with stable disease (CNSSD); nine patients with metastatic cancer with no brain metastasis (CNBM); seven patients with metastatic solid tumors with known brain metastasis (BM); four healthy controls (C); one patient without evidence of measurable disease, but with prior treatment of a metastatic brain lesion, more than 2 years before inclusion in the study (remote BM) ( Table 1 ). All patients irrespective of disease or line of treatment received approved therapies according to National Comprehensive Cancer Network (NCCN) guidelines. Exclusion criteria included patients with recent history of brain concussion or trauma, personal history of cerebrovascular accident, dementia or neurodegenerative disorders. The most relevant characteristics of the trial population are shown in Tables 1 and 2 .
Female participants represented 42% of the population studied. Most of the patients were still on first line of systemic treatment when included into the study. All patients with a glioma had received radiotherapy previously. In addition, all patients in the group BM had received radiotherapy. Five patients underwent whole brain radiotherapy (WBRT) for multiple brain lesions and two patients received only treatment for single lesions, one delivered by volumetric modulated arc (VMAT) and the other by stereotactic body radiotherapy (SBRT). The patient who had a remote BM also underwent WBRT at the time of diagnosis, more than 3 years ago. The single epidermal growth factor receptor (EGFR)-mutated nonsmall cell lung cancer (NSCLC) received erlotinib in first line. Also in first line, two patients received immunotherapy combinations: one patient with metastatic melanoma had ipilimumab and nivolumab, and another patient with NSCLC had a combination of carboplatin, pemetrexed and pembrolizumab. patients with CNS tumors with progressive disease; CNSSD: patients with CNS with stable disease; CNBM: patients with metastatic cancer with no brain metastasis; BM: patients with metastatic solid tumors with known brain metastasis; C: healthy controls; remote BM: patient without evidence of measurable disease, but with prior treatment of a metastatic brain lesion, more than 2 years before inclusion in the study.
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The sNfL, GFAp and tau concentrations in the control and in each clinical subgroup are shown in Table 3 . The lowest sNfL median concentration in the study was found in the control group (7.2 pg/mL) and the highest in CNS tumors with progressive disease (239.0 pg/mL). The minimum and maximum median levels of GFAp followed the same pattern, with 74.5 pg/mL in C and 2,092.1 pg/mL in CNSPD. Differently, absolute tau levels did not differ much between groups, and the highest values were seen in CNBM (12.5 pg/mL).
Compared with controls, sNfL and GFAp were higher in patients with BM, CNBM, remote BM and CNSPD (P = 0.003 and P = 0.03, respectively) (Fig. 2) . The sNfL concentrations were significantly higher in the total CNSPD group versus CNSSD (mean 364.3 pg/mL (SEM 123.0 pg/mL) and 41.9 (SEM 16.4 pg/mL), respectively; mean difference: 322.3 pg/ mL, 95% confidence interval: 34.9 -609.7; P = 0.03). GFAp levels, similarly, were significantly higher in the total CNSPD group versus CNSSD (mean 1,523 pg/mL (SEM 397 pg/mL) and 226.4 pg/mL (SEM 68.4 pg/mL) respectively; mean difference: 1,296 pg/mL, 95% confidence interval: 365 -2228; P = 0.01). The sNfL concentrations were also significantly higher in patients with metastatic solid tumors with known BM (BM) (mean 161.7 pg/mL (SEM 34.1 pg/mL)) than in those with no BM (CNBM) (22.6 (SEM 5.8 pg/mL); mean difference: 139.0 pg/mL, 95% confidence interval: 73.5 -204.5; P = 0.0004). GFAp concentrations were in BM (mean 1,625 pg/mL (SEM 836.7 pg/mL) and in CNBM 113.5 pg/mL (SEM 24.8 pg/mL); mean difference: 1,511 pg/mL, 95% confidence interval: 56.4 -3,079; P = 0.05). Regarding tau levels, there was a statistically significant difference between groups (P = 0.0445), but no difference in CNSPD group versus CNSSD (P = 0.39) (Fig. 2 ).
Discussion
Intracranial neoplasms comprise a group of heterogeneous entities. Diagnosis and assessment of disease burden for staging and follow-up mainly rely on standard imaging techniques, such as computed tomography (CT) scans and magnetic resonance imaging (MRI). Those techniques are able to only indirectly reflect the extent of the neoplasms, as they are limited to just represent measurable disease, and treatment-related changes can further compromise interpretation of the results. Consequently, alternative testing methods are being evaluated. NfL and tau proteins are major components of the neuronal cytoskeleton [24] and studies have shown that their release in cerebrospinal fluid (CSF) is an indicator of axonal damage [5, 6, [25] [26] [27] [28] [29] [30] . Biofluid levels of GFAp, a protein responsible for CNS: central nervous system; CNSPD: patients with CNS tumors with progressive disease; CNSSD: patients with CNS with stable disease; CNBM: patients with metastatic cancer with no brain metastasis; BM: patients with metastatic solid tumors with known brain metastasis; C: healthy controls; remote BM: patient without evidence of measurable disease, but with prior treatment of a metastatic brain lesion, more than 2 years before inclusion in the study. NfL: neurofilament light protein; GFAp: glial fibrillary acidic protein; tau: tau protein. NA: non-available; CNS: central nervous system; CNSPD: patients with CNS tumors with progressive disease; CNSSD: patients with CNS with stable disease; CNBM: patients with metastatic cancer with no brain metastasis; BM: patients with metastatic solid tumors with known brain metastasis; C: healthy controls; remote BM: patient without evidence of measurable disease, but with prior treatment of a metastatic brain lesion, more than 2 years before inclusion in the study.
Hepner et al World J Oncol. 2019;10(4-5):169-175 the cytoskeleton structure of glia cells, could reflect glioma formation and expansion, according to Zang et al [17] . In this pilot study, we clearly showed that patients with BM or CNS neoplasms either on progression or on current response had higher serum concentrations of NfLs and GFAp than healthy controls, patients with cancer and no BM or than a patient with remote treated BMs. Due to concerns with the blood-brain barrier permeability, rationally, CSF analysis appears to be more attractive than a blood-based test as a source of biomarkers for CNS tumors [30] . However, the development of ultrasensitive immunoassays, such as Simoa technology used in this study, allows the detection of extremely low concentration of those biomarkers in the peripheral circulation [22] . For instance, Gisslen et al showed strong correlation between CSF and plasma concentrations of NfL in HIV patients with ongoing CNS injury (r = 0.89, P < 0.0001) [23] . Likewise, sNfL had similar sensitivity and specificity as CSF NfL for the diagnosis of genetic and sporadic Creutzfeldt-Jakob disease [29] , and the same diagnostic performance was also found for Alzheimer's disease [9] . Further, sNfL closely followed CSF NfL concentrations in a study of controlled neurosurgical trauma [31] . Although less studied, serum GFAp appears to be useful as a biomarker for traumatic brain injury [32] and in tracking progression and outcome of ischemic stroke [33] . Blood-based tests have clear advantages in comparison to CSF tests, especially regarding accessibility, safety (in patients with tumors who may have increased intracranial pressure), comfort to the patient and the possibility of more easily multiple testing [34] .
Rohrer et al described a positive correlation of sNfL with intensity of disease in frontotemporal dementia (FTD) [35] . A hypothesis for the highest value of median sNfL to be found in the group with CNS with disease in progression, 239 pg/ mL (96.7 -1,101.4 pg/mL), is that higher concentrations of sNfL in patients with intracranial neoplasms could also reflect higher tumor burden, due to increased axonal lesion. As GFAp levels have a strong brain-specificity [17] , concentrations in our study assumed similar disposition as for NfL levels, with the highest value also found in the group CNSPD, 2,092.1 pg/ mL (227.8 -3,435.6 pg/mL).
In our study, there were statistically significant differences in tau levels between groups, although concentrations were not clinically meaningful. The highest values were seen in CNBM group (12.5 pg/mL; 4.1 -20.6 pg/mL). Two patients in this group, one with esophageal cancer taking a combination of a platin and a taxane, and the other with cholangiocarcinoma, receiving pembrolizumab, had the highest values found in the whole study (17.9 and 20.6 pg/mL). Despite known tau and NfL levels elevation in acute neuroaxonal injury, tau has very different dynamics than NfL. Tau increases within hour and has a half-life of around 10 h in plasma [13] . NfL on the other hand, increases with a maximum sometimes between 7 and 10 days, perhaps even longer after an injury and has a half-life of several weeks to a month or two [25, 36] . So, this could explain the differences in correlation between tau and NfL levels seen in this study. Additionally, as tau half-life is short, the highest levels found in CNBM could be derived from treatment-related side effects, such as neurotoxicity. Similarly, Mattsson et al concluded that plasma tau alone is insufficient There is statistically significant difference in sNfL, GFAp and tau levels between groups, although concentrations were not clinically meaningful for tau. CNSPD: patients with CNS tumors with progressive disease; CNSSD: patients with CNS with stable disease; CNBM: patients with metastatic cancer with no brain metastasis; BM: patients with metastatic solid tumors with known brain metastasis; C: healthy controls; remote BM: patient without evidence of measurable disease, but with prior treatment of a metastatic brain lesion, more than 2 years before inclusion in the study. sNfL: serum neurofilament light chain; GFAp: glial fibrillary acidic protein; tau: tau protein; CNS: central nervous system.
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World J Oncol. 2019;10(4-5):169-175 as a biomarker for Alzheimer's disease [14, 37] . Moreover, our findings of median NfL in the control patients were similar to the concentration of the patient who had a remote BM 7.3 pg/mL (3.2 -14.8 pg/mL) and 13.9 pg/mL, respectively. Those values are comparable to the concentrations found in the healthy control group studied against the patients with FTD [35] , suggesting that our data are reproducible in a bigger scale population.
It is known that the prevalence of cancer patients with brain BM is rising, probably in consequence of a better control of the systemic disease and longer overall survival. Nonetheless, it is still an open question whether NfL, GFAp and tau could be complementary tools for CNS staging in patients with cancer without BMs. Some limitations of the study are the convenience sampling, the lack of prospective data and the diverse and small sample size. However, in conclusion, our intriguing data suggest that both NfL and GFAp are potential clinical biomarkers for CNS tumors and BM. Further studies are needed to validate our encouraging early results.
